Lidars are ideal for mapping the spatial distribution ofaerosol concentrations, however efforts to convertthe lidar measurements into estimates of the aerosol extinction or scattering coefficient are usually complicated. The difficulties arise from the uncertainty in the aerosol backscatter-to-extinction ratio and the lidar calibration. In marine conditions with little absorption, the aerosol backscatter-to-extinction ratio is identical to the aerosol phase functionI4t at 1 80 degrees (backscatter) . Uncertainty in the lidar calibration is another source ofuncertainty, which can change with time depending on the state ofthe optics (clean or dirty). Here we investigate several techniques to obtain calibrated aerosol extinction coefficient values. The first approach uses horizontal lidar measurements over the open ocean where the atmosphere is horizontally homogeneous. The lidar calibration or aerosol phase function is adjusted until the derived aerosol extinction coefficients are flat with distance. Modeling shows that this provides correct aerosol extinction values. A second approach uses a target to reflect the lidar beam at different distances. The aerosol extinction is derived from the differential transmission measurements. As an independent measurement, the aerosol phase function and scattering coefficients can be measured with a polar nephelometer.
INTRODUCTION
For a mono-static lidar systems the lidar equation can be written as n(r)= -ArE0 -fl(r) T(r) hc )r) alternatively (1) n(r) = C4 rs(r) T(r)2 where n(r) is the photoelectrons (signal) received from distance r and range bin Ar. E0is the laser pulse energy at wavelength k. The detector quantum efficiency is ,, Ii is Planck's constant, c is the speed of light, A is the telescope effective area, and 13(r) is the back scattering coefficient at range r. In the second form of Eq. 1, C is an overall lidar calibration coefficient, (r) is the total scattering coefficient at range r, and F80(r) is the weighted phase function (for 180 degree scattering angle) at range r. T(r)2 is the atmospheric transmission term to range r and is given by 2 2JOe(r)dr T(r) =e .
(2)
The extinction coefficient ((Yefr)) S the sum ofthe scattering and absorption coefficients ((r)+ ty(r)). The scattering coefficient, y(r), is the sum ofthe aerosol and molecular scattering coefficients ( (r)+cr,jr)). The absorption coefficient is also due to aerosol absorption and molecular absorption (cr (r)+c(r)). The molecular absorption coefficient (c(r)) is often negligible because lidar wavelengths are chosen where little atmospheric absorption occurs. The aerosol phase function in Eq. 1 is the weighted average ofthe aerosol and molecular phase functions given by -Pmiso(r)a,,(r)+R180(r) a(r) 118O(r) =____________________ cTms + cras
where 'm18O (r) is the molecular phase function at range r, -18O (r) is the aerosol phase function at range r, a, (r) is the molecular scattering coefficient at range r, aas (r) is the aerosol scattering coefficient at range r. In using Eq. 1 -3 we would like to derive the aerosol extinction coefficients.
Unfortunately both the aerosol phase function and lidar calibration are also typically not known. Due to these difficulties, numerous inversion techniques have been proposed. As summarized by Reagan et al. (1989) , these include the slope method (Collis, 1966) , modeled transmission method (Russell et a!., 1979) , slant path method (Sandford, 1967) , and various methods using a relationship between extinction and backscatter (Hitschfeld and Bordan, 1954 , Fernald et al., 1972 , Klett, 1981 . Klett also proposed using a known value ofthe aerosol scattering at a distant point and solving for the alongpath extinction with a backward stepping approach, which he showed to be more stable than the forward stepping approach. This approach was found to be very sensitive to the lidar calibration and the power law relation between the backscattering coefficient and the extinction coefficient (Hughes et al., 1985) . Ifthe aerosols are horizontally homogeneous then horizontal or slant measurements can be used to provide boundary values to constrain the aerosol extinction coefficients (Zhang and Hu, 1997) and even to estimate the aerosol phase function (Young et al., 1993) . used a forward stepping approach to derive the aerosol scattering coefficient for open ocean marine air. In this paper we will expand on the Porter et al. approach to include absorbing aerosol and discuss several other methods.
FORWARD STEPPING ALGORITHM
The forward stepping method ofderiving aerosol scattering coefficients is described. The forward stepping lidar inversion begins by assuming a fixed aerosol transmission, Ta(r), from the lidar out to range, r'3OO m to step past the near field region where the scattered light cannot be properly focused on the detector. The molecular transmission, Tm(r), from the lidar out to the same starting point is calculated based on pressure and temperature. Beyond this near-field region the inversion is begun by calculating the aerosol scattering coefficient in the next sample bin at distance r (r-Ar /2 to r+Ar/2) using (
" 1 a (r) = n(r)
C(Tm(r-tr)Ta(r-r))2 m rns,jp where equations (1)- (3) have been combined and solved for the aerosol scattering coefficient. The aerosol transmission -a (r)4r.
(due to absorption and scattering) from the lidar to the bin is given by Ta(r)=Ta(r-Ar) ATa(r). AI(r) = e i5 calculated using the aerosol extinction calculated in eq. (4). Similarly a new molecular transmission, is calculated by Tm(r) = Tm(rLsr) ATm(r) where L&Tm (r) = e" (r) . The molecular scattering coefficient is computed at the proper pressure and temperature following Lenoble (1993) using the hypsometric equation for the height dependence. Next a new aerosol scattering coefficient is calculated in the next sample bin using eq. (5) again. The process is repeated out to the end of the lidar measurement. A schematic of the forward stepping approach is given in Fig. 1 . This forward stepping approach has no restriction on the decreasing transmission and can accumulate large error at longer distances. The error comes from using an incorrect aerosol phase function (at 1 80 degrees) or wrong lidar calibration (Hughes et al., 1985) . Here it is assumed that the lidar is properly aligned and the laser beam is within the collection cone of the receiver optics.
MODELINGTESTS
In order to test this forward stepping approach, we generate pseudo-lidar data by using eq.
(1)-(3). For the model lidar data, the aerosol phase function (phase function at 180 degrees) value was set to 0.65, to represent marine sea salt. The aerosol scattering coefficient was set to 5x105 m1. The aerosol absorption coefficient was set to 0. The aerosol is assumed to be horizontally homogeneous. The lidar calibration C is set to a fixed value. The molecular scattering coefficient was set to 1.21 1x105 m1 corresponding to surface pressure (1013 mb) and 532nm wavelength. Figure 2 shows the modeled lidar return signal from a horizontal lidar measurement with homogeneous aerosol. The lidar signal has been plotted versus the aerosol optical thickness and the distance is shown on the right side. The relationship between the lidar signal and the 1/r term (scaled to fit on the same plot) is also shown as a function of optical thickness. Noise has also been introduced to simulate digitization and electronic noise.
Using the forward stepping approach described above, the aerosol scattering coefficient is derived from the modelgenerated data using correct and incorrect values of the aerosol phase function (at 180 degree). These results are shown in Fig. 3 , where it can be seen that the error increases with distance when wrong values of the phase function are used. As expected, using the correct aerosol phase function value, yields the correct aerosol scattering coefficient (5x105 m1) at all distances. Greater error results if the aerosol phase function is underestimated than if overestimated. If the aerosol phase function is overestimated the drop-off with range is not so strong and might appear as a straight line if measurements are not made to large enough optical depths. Using incorrect values for the lidar calibration value (C) cause similar errors to those shown in Figure 3 .. In fact, incorrect lidar calibration and incorrect aerosol phase function values can be combined to produce derived extinction values which are constant with range and have the correct extinction value. The calculations done above have assumed no aerosol absorption. Figure 4 shows the results when the aerosol absorption is included in the generation of the lidar data. For these test the aerosol scattering and absorption coefficient values were set to 5x105m1 (aerosol single scatter albedo of 0.5). In the inversion the aerosol were assumed to be only scattering with no absorption. It can be seen that the derived values are not constant with range and are less than the correct value. If the aerosol phase function is manually adjusted so that the derived scattering coefficients are constant with range ( then the derived extinction values are correct (10e5 m1) but an incorrect aerosol phase function value (0.323) must be used.
When aerosol absorption is present in the lidar data and is not used in the forward stepping inversion (as Fig. 5 ), the ratio of the aerosol single scatter albedo is equal to the ratio ofthe phase function required to obtain constant extinction values with distance over the correct phase function. From the examples shown in Figs. 3-5, it can be seen that varying either the aerosol phase or the lidar calibration can adjust the derived aerosol extinction values so that they are constant with range. When this is done the resulting extinction values are correct for both absorbing and non-absorbing aerosol.
TARGET CALIBRATION APPROACH
Equation 1 can be rearrange into the following equation in(r2 n(r)) = 2aer+ lfl(CAr /3(r)).
Equation 5 has the form ofa straight line and can be plotted with ln( ln(r2 n(r)) (y values) plotted versus r (x values).
The slope ofthe data is then -2ae and the zero intercept is ln(C 4 /3(r)) (Reagan, 1995) . While this approach is excellent for deriving the extinction coefficient (e)'it is difficult to derive the lidar calibration, C, because the backscattering coefficient, 13(r), is often unknown due to uncertainty in the aerosol properties. As a modification to this approach, we have begun testing a new method to calibrate our lidar using a moving target and measuring the return pulse from the target. In this case, the backscattering coefficient is due to the properties of the target, which is presumably well known. Therefore, the lidar calibration can be derived by fitting a line to the data and extrapolating the line back to the zero intercept.
2.50E-8- Figure 6 shows our preliminary lidar measurements made using a dark spectralon target at different distances. It can be seen that the signal is strongly attenuated in the near field. This near field effect is expected due to the central obstruction in our Schmidt-Cassegrain mono-static lidar (Sharma et. al., 1998; Lienert, et al., 1999) . Past approximately 75 m the target signal appears to drops offwith roughly a hr2 dependence but continues to be affected by the near field effect as well. Based on modeling studies our lidar system we estimate that the target measurements need to be made at a distance greater than 300 m to avoid any significant near field effects. We will be carrying out additional test with this promising approach.
POLAR NEPHELOMETER METHOD
For non-absorbing aerosol, an additional way to test our lidar measurements is to measure the aerosol phase function and scattering coefficient. Doherty et al. (1989) have made measurements ofthe aerosol phase function at backscattering angles in a closed system. We are currently developing two open-air polar nephelometers, which will measure the aerosol phase function and scattering coefficient. These systems are improvements over our earlier CW system (Porter et al., 1997) . The new systems use an Nd-YAG pulsed laser with light at 1064, 532 and 355 nm. Either a PMT or APD detector is used depending on wavelength. Angular measurements are made every 1 -degree (2-1 78 degrees) with our larger ground based system and every 6 degrees (6-174 degrees) with our aircraft system. Figure 7 shows some measurements made a Bellows Beach in Hawaii. These test measurements were made before the system was complete and include both polarization components of polarized laser light scattered from the aerosol. Both systems are currently under final modifications and we expect to begin making measurements soon. 
CONCLUSION
While calibration of Mie-Rayleigh lidars is challenging, various techniques do exist to convert the measurements into standard optical values such as extinction and scattering coefficients. We have found that the horizontal method is very useful and easy to implement and can give accuracies better than 25%. Although the target method has promise, it requires measurements over a long distance to avoid near field effects on the lidar calibration. Finally, the addition of new instruments such as the open air polar nephelometers will provide important validation data sets such the aerosol phase function and aerosol scattering coefficient near the lidar site.
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